We present low-temperature specific heat of the electron-doped Ba(Fe0.9Co0.1)2As2, which does not show any indication of an upturn down to 400 mK, the lowest measuring temperature. The lack of a Schottky-like feature at low temperatures or in magnetic fields up to 9 Tesla enables us to identify enhanced low-temperature quasiparticle excitations and to study anisotropy in the linear term of the specific heat. Our results can not be explained by a single or multiple isotropic superconducting gap, but are consistent with multi-gap superconductivity with nodes on at least one Fermi surface sheet.
Since the discovery of the iron-based pnictide superconductors, substantial experimental and theoretical work has been performed to understand the superconducting (SC) mechanism and its manifestation via the gap structure. [1] Despite these efforts, however, the gap symmetry is still unclear. In RFeAsO (R: rare earth), the '1111' phase, a full gap is expected from Andreev spectroscopy, [2] but a nodal gap is reported from optical measurements [3] for a compound with similar stoichiometry. Conflicting interpretations of the SC order parameter also have been reported in Co-doped BaFe 2 As 2 (Ba122 phase). Angle-resolved photoemission spectroscopy (ARPES) [4] and scanning tunneling microscopy (STM) [5] suggest an isotropic gap; whereas, Raman scattering, [6] nuclear magnetic resonance (NMR) [7] , muon spin rotation (µSR) [8] , thermal conductivity [9, 10] , specific heat, [11] and penetration depth [12, 13] measurements all indicate an anisotropic gap on one or more Fermi surface sheets. Strong doping dependence of superconducting properties and/or specific features of the measurement techniques which probe preferentially a fraction of the total Fermi surface could be behind these seemingly contradicting results. [14, 15] Low-temperature specific heat measurements, which probe the electronic density of states, have been instrumental in determining the SC order parameter of various classes of superconductors, including high-T c cuprates. [16] [17] [18] In the newly discovered Fe-based pnictides, the interpretation of specific heat measurements at T ≪ T c has been controversial because of a Schottkylike upturn at the lowest temperatures, which has been attributed to some kind of impurities. [14, [19] [20] [21] Here we report low-temperature specific heat measurements of Ba(Fe 0.9 Co 0.1 ) 2 As 2 , in which there is no Schottkylike feature down to 400 mK and up to 9 T, the lowest measured temperature and the highest applied magnetic field, respectively. The lack of Schottky contribution allows us to identify the low-T electronic excitations and to study the field dependence of the linear specific heat term. Our results are not compatible with an isotropic s-wave gap, but are consistent with gap zeroes on parts of a Fermi surface in a multiband model.
Single crystalline Ba(Fe 0.9 Co 0.1 ) 2 As 2 was grown using a closed Bridgman method with a tungsten crucible at 1550 0 C to contain volatile arsenic (As) [22] . Powder x-ray resonance diffraction shows that the lattice parameters are a=3.9458Å and c=12.9476Å. These crystals have a plate-like tendency with the [001]-direction perpendicular to the crystal plane. Specific heat was measured down to 400 mK and up to 9 T in a Quantum Design PPMS (Physical Properties Measurement System) with a 3 He option. The superconducting transition temperature, defined from the midpoint of the specific heat discontinuity (see Fig. 2a ), is 19.0 K, which is lower than that of optimally doped Ba(Fe 0.92 Co 0.08 ) 2 As 2 (T c = 25 K) and indicates that the present compound is slightly overdoped. Figure 1 is a plot of the temperature-dependent specific heat of Ba(Fe 0.9 Co 0.1 ) 2 As 2 in zero field. A specific heat jump at 19.0 K signals the superconducting phase transition, confirmed by low-field magnetic susceptibility measurements. Unlike magnetic and structural transitions in Ba(Fe 1−x Co x ) 2 As 2 , which are strongly affected by Co-doping, the phononic contribution to the specific heat is almost independent of doping. [23, 24] In the ensuing analysis, therefore, we use the phonon specific heat measured from undoped BaFe 2 As 2 as the phonon contribution in the present material. Because there is no Schottky-like feature at the lowest temperatures of these measurements, the normal-state specific heat (C n ) can be written as C n /T = γ n + C ph /T , where γ n is the normal-state Sommerfeld coefficient and C ph is the phonon contribution. The solid curve in Fig. 1 is the normal state C n /T with γ n =23.5 mJ/mol·K 2 , which satisfies entropy conservation at T c (see the inset of Fig. 1 and discussion below). In the superconducting state, there is a noticeable T −linear specific heat contribution γ 0 of 3.4 mJ/mol·K 2 , about 14 % of the normal-state γ n . A sizable γ 0 is often reported in superconductors with gap zeroes on parts of the Fermi surface because impurities easily produce a finite density of states even at zero energy. This finite value of γ 0 suggests the possibility of nodal superconductivity in Ba(Fe 0.9 Co 0.1 ) 2 As 2 . Even though a finite γ 0 could arise from non-superconducting parts of the crystal, the lack of a Schottky-like feature in C/T and lack of a second impurity phase in x-ray diffraction suggest that any contribution from impurities is negligibile in the ensuing analysis. Supporting this conclusion, the value of γ 0 is smaller than that reported earlier on a compound with similar Co concentration and an upturn in the low−T specific heat [25] . We note that in multiband systems, a zero-energy impurity band can be effectively formed without nodes on any Fermi surface sheet, resulting in large value of γ 0 [26] .
Electronic entropies of the normal (S en ) and superconducting (S es ) phases of Ba(Fe 0.9 Co 0.1 ) 2 As 2 are plotted in the inset of Fig. 1 and are used to estimate various SC properties. The superconducting condensation energy, U = Tc 0 (S en − S es )dT , is estimated to be 1.23 J/mol. The zero-temperature thermodynamic critical field B c (0) is 0.22 T, from the relation U = B 2 c (0)/2µ 0 . When combined with previous measurements of the penetration depth (λ = 325 nm) and coherence length (ξ = 27.6 nm), [5, 27, 28] the upper critical field is estimated to be 37 T from the relation µ 0 H c2 = √ 2κB c (0), κ = λ/ξ = 11.8. These superconducting properties of the present sample with x = 0.10 are quite comparable to those reported previously on compounds with similar stoichiometry. [19] Figure 2 displays the low-temperature electronic spe- 
(color online) a Temperature dependence of the electronic specific heat. The experimental data are compared with the two-band model described in the text, with an isotropic gap on the hole sheet, and a nodal gap on the electron sheet. Note that, when the nodal behavior is weak (r = 0.55, nodes close to each other), the numerical result using the scattering rates required to explain the residual linear term in the superconducting state exhibits a downturn at low temperatures, not observed experimentally. Therefore the low-temperature data are most consistent with a relatively well-pronounced nodal behavior, r ≥ 0.6. b Magnification of the electronic specific heat at low temperatures.
cific heat of Ba(Fe 0.9 Co 0.1 ) 2 As 2 after subtracting the phononic contribution. As seen in Fig. 2b , there is no hint of an upturn in C el /T down to 400 mK and up to 9 T, irrespective of the direction of the applied field (see Fig. 3 ). Thus the closed Bridgman method used for preparing this crystal seems to avoid incorporation of impurity phases that are generated from a flux-growth method, enabling us to study the low-temperature specific heat without the need to subtract poorly understood values to account for the field-dependent upturn in previously studied samples.
To investigate the gap symmetry, we begin by analyzing the temperature dependence of C el /T in zero field, where C el = C − C ph . We analyze the data using an effective two band model with an isotropic gap on the hole Fermi surface and a gap on the electron Fermi surface of the form ∆ e (k) = ∆ e (1 − r + r cos 2φ), where φ is the angle measured from the [100] direction. This form is suggested by several theories [29, 30] , and is consistent with the general A 1g symmetry of the order parameter in the Brillouin Zone. In this expression for the gap function, r > 0.5 (r < 0.5) corresponds to the nodal (fully gapped) order parameter on the electron Fermi surface sheet. The gap magnitudes on the two Fermi surfaces were computed self-consistently assuming a purely interband pairing interaction requiring a sign change of the order parameter between the electron and the hole sheets [31, 32] . The residual linear, in T , term and the temperature variation of the electronic specific heat are controlled by the value of r and by disorder. In our model the impurities are characterized by their concentration, n imp , and the strength of the inter-and intra-band scattering, U 1 and U 0 respectively. The quasiparticle scattering rate Γ depends also on the density of states at the Fermi surface, N f , which , for simplicity, we take to be the same on the two sheets. We use the transition temperature of the pure (impurity-free) sample, T c0 , as a unit of energy, and hence introduce a dimensionless scattering rate η = Γ n /2πT c0 , where Γ n = n imp /πN f . Together with the phase shift of the intraband scattering, δ = arctan(πN f U 0 ), and the ratio of the inter-to intra-band potential δV = U 1 /U 0 it completely determines the properties of the impurity ensemble. Since the inter-(intra-) band potential describes scattering with a large (small) momentum transfer, for usual charged impurities we expect δV ≤ 1, although δV ≈ 1 is plausible for the direct substitution to the Fe site that strongly affects the d orbitals. Indeed, our best fits give a moderate ratio δV . We determine the quasiparticle self-energies using the self-consistent T −matrix approximation [33] [34] [35] , and compute the density of states, the entropy, and the specific heat for comparison with the experimental results.
We found that, irrespective of the strength of the scattering and the impurity concentration, the lowtemperature data cannot be reliably fit using a model with a fully gapped electron Fermi surface, r < 0.5. Even though the density of states at the Fermi surface, and therefore the Sommerfeld coefficient lim T →0 C el (T )/T , may be finite in this case due to formation of an impurity band in the presence of strong interband scattering [35] , more curvature is expected for the temperature dependence of C el in that case than is observed experimentally. The nearly linear dependence in Fig. 2 can only be satisfactorily explained assuming a nodal gap structure, i.e., r > 0.5. Even in that case, the intraband scattering tends to lift the nodes [35] , resulting in a pronounced downturn in C el /T for the values of r close to the "critical" value that separates the gapless regime from that where the nodes are lifted by disorder and a full gap opens (see Fig. 2 ). As shown in Fig. 2 , the best fits are for the well-defined nodes, r = 0.6.
Measurements under applied magnetic field provide additional information on the gap structure. The electronic specific heat divided by temperature C el /T is displayed against T for magnetic field perpendicular and parallel to the crystalline c-axis in Fig. 3a and 3b , respectively. With increasing field, the temperature variation of C el /T at low T becomes weaker and almost disappears at 9 T for H//c. Since the extrapolated T = 0 intercept of C el /T , γ 0 , depends on the power law that we use for the extrapolation, in Fig. 4a we plot the normalized values of the C/T at 0.4 K (T /T c = 0.021) to study the magnetic field dependence of the density of states. For an s-wave SC gap, the electronic density of states is proportional to the density of vortices in the mixed state, leading to a linear field dependence of γ 0 . In contrast, the presence of nodes in the SC gap changes the field-dependence to a sub-linear behavior due to a Doppler shift of the nodal quasiparticles. Supporting the conclusion of nodal superconductivity from the low-T specific heat analysis, C el /T which is proportional to the electronic density of states deviates from a linear-dependence on the field, but shows a sub-linear behavior. Comparison between the experimental data for field along the c-axis and the theory with SC gap nodes is shown in Fig. 4a , where we use the values of r along with the impurity parameters from Fig. 2 to compute the field dependence of the specific heat under the applied field using the modified Brandt-PeschTewordt (BPT) approximation [36] . This approximation is designed for intermediate and high fields and is known to give only a qualitatively correct picture for nodal gaps at low H. As seen in Fig. 4a , the calculations reproduce the sublinear field dependence, consistent with the existence of nodes. At the same time the magnitude of the field enhancement is much greater in theory than in experiment. This is due to a significant overestimate of the contribution of the fully gapped hole Fermi surface to the density of states within the BPT approximation at low fields [36, 37] .
The field dependence of the specific heat coefficient As explained in text, the larger absolute value of the calculated γ(H) is due to an overestimate of the contribution of the hole band within the modified Brandt-Pesch-Tewordt approximation. For reference, we show least-squares fits of the data for H c and H ⊥ c to a power law form a + bH ǫ (dotted lines), where n = 0.7 reasonably explains the data. b Anisotropic field dependence of the linear term in the heat capacity at 0.4 K. The ratio of the Sommerfeld coefficient for field parallel and perpendicular to the crystalline c-axis, δγc/δγ ab , is plotted against magnetic field, where δγ = γ(H) − γ(0T ) (γ(H)) is fit by a power-law form a + bH 0.7 for both field directions with b = 0.64 and 0.33 for H c and H ⊥ c, respectively (dotted lines in Fig. 4a) . Anisotropy of the field-induced quasiparticle density of states, δγ c /δγ ab , is plotted in Fig. 4b , where δγ = γ(H) − γ(0T ). This anisotropy ratio is approximately two over the measured field range and reflects the superconducting anisotropy through δγ c /δγ ab = (H ab c2 /H c c2 )
ǫ [38] . When ǫ = 0.7 is used, the uppercritical field anisotropy ratio is approximately 2.7. This value is compatible with that estimated from the initial slope (dH c2 /dT ) at T c by the WerthamerHelfand-Hohenburg model [39, 40] . Kano et al., however, reported that the H c2 anisotropy ratio at T = 0 K in a compound with similar stoichiometry is close to 1, where the difference has been interpreted as due to multi-band effects in the pnictides [41] . Indeed, there is substantial evidence for multiple electronic bands in the pnictides and their consequences for superconductivity. Studies of the Fermi surface find a distinct asymmetry between hole and electron bands: a circular hole Fermi surface is observed around the Γ point, but an anisotropic electron Fermi surface exists around the M point [31, [42] [43] [44] . Recently, penetration-depth and thermal conductivity measurements have suggested that line nodes may exist on an electron sheet near the Brillouin zone center and that hole bands centered around the Γ point are fully gapped [45] [46] [47] [48] [49] .
In conclusion, the specific heat of Ba(Fe 0.9 Co 0.1 ) 2 As 2 prepared by the closed Bridgman method does not show any hint of an upturn at low temperatures, a materials problem that has plagued crystals prepared by other methods. The lack of a Schottky-like feature enables us to obtain the intrinsic low-temperature specific heat whose temperature dependence is consistent with an order parameter that produces an isotropic SC gap on one of the Fermi surface sheets and a gap with line nodes on the second, presumably electron, sheet. Evidence for nodal superconductivity is supported by the magnetic field dependence of the Sommerfeld coefficient γ and a finite residual density of states in the superconducting state. Additionally, these experiments suggest that a complete description of superconductivity requires the involvement of multiple bands.
